This report extends fluorescent DNA aptamer-magnetic beadbased sandwich assays developed and published for ultrasensitive detection of Campylobacter jejuni and Listeria monocytogenes by adding prototype assays for pathogenic Escherichia coli, Shiga-like toxin-1 and Salmonella enterica. These tests are assessed by a highly portable fluorometer, thus enabling on-site detection and tracking or epidemiology of major foodborne pathogen outbreaks potentially from "farm to fork". New simplified sandwich assays having fewer steps and employing either aptamer-quantum dot or aptamer-peroxidase conjugate fluorescence reporters are presented along with titration curves to establish approximate limits of detection for E. coli O157 and S. enterica of ≤ 100 cfu/ml and ~100 pg/ml for Shiga-like toxin-1 in buffer. In addition, timed studies in culture enrichment broth suggest detection of E. coli O157 within 4 hours after an inoculum of ~ 10 cfu per 200 ml of broth. Finally, data are presented suggesting consistent detection of E. coli O157 and S. enterica in enrichment cultures for baby spinach, beef trim and diced tomatoes which were processed according to standard FDA BAM methods. Taken together, these data support further development and implementation of a menu of very sensitive, rapid (30 minute) and highly portable aptamer-based fluorescence assays for facile detection of the major foodborne pathogens or their toxins on-site or in central labs to combat the growing health and legal issues associated with foodborne illness and to curb or halt outbreaks during their occurrence.
are sampled and tested, despite the mandate for increased testing inherent in the Food Safety Modernization Act (FSMA) of 2011.
Thus, it appears that the food safety testing industry and government inspectors could truly benefit from more rapid and portable, yet highly sensitive and specific screening tests for presumptive detection and tracking or epidemiology of pathogens or their biotoxins. Indeed, examination of recent literature seems to indicate a trend towards more rapid and portable food safety screening technologies [1] [2] [3] [4] . Improved screening tests should include testing of food processing equipment and surfaces as well as the foods themselves. Thus, Pro nucleotein, Inc. has been developing ultrasensitive (5-100 bacteria per ml) and rapid (30 minute or less) DNA aptamer-magnetic bead (MB)-based tests for the major foodborne pathogens and biotoxins coupled with the highly portable handheld "FLASH reader" [5] [6] [7] to enhance food safety screening capabilities especially in the field.
Interest in development and application of DNA aptamers as surrogates for antibodies in various microbial assays [8, 9] , including foodborne pathogen detection diagnostics [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] has increased dramatically over the last decade. Reasons for the increased research interest in aptamers stem from aptamer's obviating of animal hosts [29] and potentially greater affinity versus antibodies [29] which translates into greater assay sensitivity. In addition, aptamers exhibit greater reproducibility from batch-to-batch versus antibodies [30, 31] due to the extremely high fidelity chemical synthesis of DNA [29] leading to more consistent assays.
Our group has already published ultrasensitive detection of Campylobacter jejuni in chicken rinsate using an aptamer-MB plus aptamer-quantum dot conjugate sandwich assay [5] which was confirmed by the U.S. Army Research Laboratory using the same aptamers [25] . We also reported the ultrasensitive detection of Listeria species in culture enrichment broth using an aptamer-MB plus aptamerperoxidase conjugate sandwich assay and Amplex Ultra Red TM (AUR; resazurin derivative) [6] , because it was more reliable than the quantum dot approach in a variety of fatty food matrices. Here we report similar highly sensitive aptamer-MB sandwich assay results for the detection of E. coli O157 and Shiga-like toxin-1 (Stx-1) produced by pathogenic E. coli serotypes such as O157:H7 and other pathogenic E. coli serotypes [32] . We completed our initial assay menu with an aptamer assay for
Introduction
Food safety continues to be a major public health concern with recent high profile pathogen outbreaks at Blue Bell ice cream and Chipotle restaurants illustrating the huge financial implications for consumers and food producers, distributors, and even restaurant chains. The food safety testing industry already has well-developed confirmatory tests based on post-culture enrichment bacterial and viral genetics, PCR, etc. in central laboratories which are quite necessary, but generally non-portable and too slow to enable rapid detection of pathogens on-site along the food supply chain. In addition, only a very small fraction of domestic and imported foods detection of Salmonella enterica serovar Typhimurium in buffer and various food or enrichment broth matrices.
The data reported herein were obtained by using a simplified sandwich assay approach involving fewer steps than similar previously reported assays ( Figure 1A ). This repertoire of assays coupled with the highly portable FLASH reader ( Figure 1B ) enable rapid (~ 30 minutes) and effective on-site screening of foodborne threats in and on various foods and fomites. Our system may therefore aid in prevention of illness and possible death from food products and the subsequent economic losses associated with expensive food recalls, lawsuits, or potential bankruptcies for food producers found liable of food safety infractions. As a result, this rapid, ultrasensitive and specific field screening technology led to our company (Pronucleotein, Inc.) winning second place among 49 academic and industrial competitors in the 2014 FDA Food Safety Testing Technology Challenge [33] [34] [35] attesting to the potential significance of the technology for future onsite screening, tracking (epidemiology) and reduction or amelioration of foodborne illness outbreaks. 
Materials and Methods

Bacteria
DNA aptamer development
Eight to ten rounds of aptamer affinity selection and PCR amplification were performed according to the authors' published procedures [5] [6] [7] against both whole bacterial cells and tosyl-MBimmobilized intimin and Stx-1 proteins. After 72 base aptamers were down selected from the random library, they were cloned using a Lucigen GC cloning kit (Middleton, WI) and sent for DNA sequencing at Seque Tech, Inc. (Mountain View, CA). Aptamer DNA sequences were then analyzed for full-length consensus sequences or regions of homology. All candidate aptamer sequences were synthesized with a 5'-biotin moiety and then used in ELISA-like (ELASA) assays to screen for the highest affinity and most specific aptamer assay candidates according to published protocols [5] [6] [7] . The actual aptamer DNA sequences cannot be divulged here because of their potential commercial value. However, the aptamer DNA sequences employed in the reported assays are a subset of the company's U.S. patentpending aptamer DNA sequence library.
Simplified Aptamer-MB sandwich assay procedure
To reduce the number of steps in a typical aptamer-MB sandwich assay ( Figure 1A ), the authors began combining 500 pmoles of 5'-biotinylated aptamers and the target bacteria in 500 µl of 1X B&W (binding and washing) buffer (1M NaCl, 5 mM Tris-HCl and 0.5 mM EDTA) followed by gentle mixing for 10 min at room temperature. Then 25 µl of 1:10 diluted stock M270-SAv-MBs in 1X B&W were added to the tube containing the 5-biotinylated aptamers and bacteria and the tube was again gently mixed for 10min at room temperature. The tube was then placed on a Dynal magnetic collection rack for ~ 1 minute collection of the MBs as a small pellet. Thereafter, the MB pellet was washed by gently re suspending in 1 ml of 1X B&W + 0.01% Tween 20. After washing and resuspension in 500 µl of 1:100 diluted SAv-peroxidase conjugate (~ 10 ng) Amplex Ultra Red TM (AUR) was prepared and activated with H 2 O 2 and fluorescence readings were taken with the FLASH reader as previously described [6, 7] . In some cases, aptamer-5'-biotin-SAv-Qdot 655 conjugates were prepared, purified through Sephadex G25 columns and used in place of the aptamer-peroxidase reporter reagent and AUR ( Figure 1A ) followed by assessment in the FLASH reader and by fluorescence microscopy as previously described [5] [6] [7] . Stx-1 sandwich assays were similarly conducted using aptamer-Qdot 655 conjugate reporters tittered against various levels of purified Stx-1 protein spiked into PBS.
Timed enrichment culture studies
For the timed enrichment culture studies, an average of 10 E. coli O157:H7 cells were inoculated (spiked) into 200 ml of sterile B.
• Tryptic Soy Broth (TSB) in sterile 400 ml Erlenmeyer flasks plugged with sterile cotton and cultured at 37°C with gentle shaking for up to 4 hours. 3 × 1 ml samples were drawn from two separate spiked and control (negative blank) shaker flasks each hour for 4 hours for the simplified sandwich assay and fluorescence assessment using the FLASH reader. In addition, 100 µl samples were drawn hourly from the flasks for spread plate counts on blood agar plates cultured at 37°C overnight to verify that the E. coli O157:H7 culture was growing and to determine approximately how many cells were detected each hour.
FDA-compliant BAM methods used to enrich for spiked pathogens in various food samples
Using the FDA standard Bacteriological Analytical Manual (BAM) protocols, enrichment of baby spinach leaves, beef trim and canned diced tomato esspiked with E. coli O157:H7 or Salmonella enterica ATCC 13311, several of the best DNA aptamer sandwich assay combinations were conducted. The FDA-BAM method for Salmonella detection was used for diced canned tomatoes which were enriched in Buffered Peptone Water as per the BAM method instructions. After both pre-enrichment steps for Salmonella, the pH was checked and adjusted to the required pH as described by the BAM for Salmonella. Baby spinach and beef trim were processed in Lactose Broth, again as per the BAM directions. Tetrathionate (TET) Broth and RappaportVasilliadis (RV) Broth along with Iodine and Brilliant Green dye supplements for the TET were used as well. One ml samples were transferred to TET and 100 µL to RV as per the directions. The FDA-BAM method for E. coli was closely followed as well. All matrices were pre-enriched in Brain Heart Infusion Broth for 3 hours as per the BAM directions and then diluted with 2X Tryptone Phosphate Broth to make a 1X enrichment medium as per the BAM protocol. This material was incubated for 20 hours and then streaked to Eosin Methylene Blue and Mac Conkey's agar plates. The concentrations of bacteria detected in the various food matrices were later confirmed to be ~ 380,000 E. coli O157:H7 per ml and ~ 1.04 million S. enterica 13311 ml by spread plate counts. Figure 1A illustrates the simplified sandwich assay format and protocol. It is noteworthy that one can add the 5'-terminal bio tinylated aptamers to a sample containing bacteria and allow the capture aptamers to bind bacterial surfaces followed by addition of SAv-coated MBs instead of first coating the SAv-MBs with bio tinylated aptamers and then adding the aptamer-coated MBs to the bacterial sample. This action saves at least one wash step in which the aptamer-coated MBs would need to be collected with a magnet and then washed free of any excess capture aptamers not bound to the MBs before proceeding to probing of the food sample for pathogenic bacteria. Another step is saved because the bio tinylated aptamers bound to the bacterial cells, but not to the MB surface, are free to act as reporter aptamers when SAv-peroxidase or SAv-Qdot conjugates are added. This again simplifies the assay by obviating the addition of a separate reporter aptamer with associated wash steps. Figure 1B illustrates the outward appearance of the handheld FLASH reader and its touch screen menu of various foodborne pathogen assays. Figure 2 illustrates that unlike whole bacterial cell capture for their previous published Campylobacter and Listeria aptamer-MB sandwich assays [5, 6] , under the fluorescence microscope the authors observed primarily speckled and punctate coating on the aptamer-MBs exposed to E. coli O157:H7 and S. enterica. These punctate staining patterns, suggest that the aptamer-MBs are actually capturing released or secreted E. coli intimin proteins and S. enteric outer membrane proteins (OMPs) [36] or outer membrane vesicles [37] instead of whole cells during magnetic collection and washing. Regardless of which parts of these pathogenic bacteria (whole cells, OMPs or outer membrane vesicles) are captured, the photomicrographs still strongly suggest positive identification of the pathogens presence based upon detection of the targeted proteins ( Figure 2B and Figure 2D ), because the negative control blanks without added bacteria (Figure 2A and Figure 2C ) are essentially dark and non-fluorescent with only a slight nonspecific background fluorescence which may be due to low level aptamer-biotin binding to unoccupied streptavidin sites on the surface of the Qdots in the absence of bacteria. Figure 3A suggest a probable detection limit of less than 100 E. coli O157:H7 per ml in buffer using the intimin sandwich assay. Figure 3B suggests that a different general E. coli assay can detect E. coli O157:H7 as early as 4 hours post-inoculation of an average of 10 
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• Figure 4 illustrates that although the Stx-1 aptamer-MB plus aptamer-Qdot 655 sandwich assay hooks somewhat at higher concentrations of Shiga-like toxin 1 in buffer, which is common especially in simplified or one-step sandwich assays [38, 39] , it is still capable of detecting 0.1 ng or 100 pg/ml or less of the toxin. The high dose hook effect is not problematic because the fluorescence intensity values at 1-100 ng/ml in Figure 4 are still well above the blank levels (i.e., would register as positive detection events). In addition, even if problematic (leading to false negative results), such hook effect could always be overcome by diluting samples and running the assay in the linear dynamic range [40] . Stx-1 detection would provide a valuable adjunct assay to the intimin assay to detect most of the pathogenic E. coli serotypes [32, 41] .
The independent titration curves shown in Figure 5 illustrate that the aptamer-MB plus aptamer-peroxidase AUR assay was able to detect less than100 S. enteric 13311 cells per ml in buffer and had a dynamic range of at least 100 to 100,000 cells per ml.
When applied to enriched beef trim and diced tomato samples ( Figure 6 ) processed according to the FDA's BAM methods, the authors' general E. coli aptamer-MB plus aptamer-peroxidase AUR assay consistently detected ~ 380,000 E. coli O157:H7 cells per ml (blue bars) in these enrichment matrices versus the consistently low background fluorescence of the unspiked blank samples (white bars). A second set of trials for the S. enterica aptamer-MB plus aptamerperoxidase AUR assay consistently detected ~ 1.04 million S. enterica cells per ml in these enriched samples (Figure 7 ) of beef trim, baby spinach and diced tomatoes. The data in Figure 6 and Figure 7 are key to illustrating that the aptamer-based assays can function in real enriched food samples for central lab testing as well as field-portable screening assays.
Discussion
Detection of minute levels of foodborne pathogens or their secreted toxins in hundreds of milliliters of enrichment broth in wellequipped central testing laboratories is still a difficult, slow (days long) and uncertain process prone to false negative results. Yet, the food safety testing community's system of food safety and foodborne pathogen epidemiology relies on central laboratory testing which only tests a very small fraction of domestic and imported foods. In order to improve foodborne pathogen detection and enhance overall food safety, the industrial and government communities need better (faster, more sensitive and yet accurate or specific) detection tools (sensors and assays) for portable on-site testing of foods and fomites all along the food supply chain literally from "farm to fork".
The authors' simplified aptamer-MB-based fluorescent assays whether based on Qdots or AUR as reported herein and previously [5] [6] [7] are an attempt to fuse the high affinity, specificity and reproducibility of aptamers [29] versus traditional antibodies [30, 31] with the concentrating and purifying power of MBs and the high sensitivity of fluorescence methods. Although, not indicated in the text, the authors have ample evidence of negative control aptamers in the form of many failed assay attempts using other aptamer DNA sequences during the development phases. Also not shown in the text is the fact that the authors are adapting the aptamer-MB fluorescence assays to sterile wetted sponge swab (Spongesicle TM ) samples taken off of inanimate surfaces to rapidly test food grinding and other processing equipment, conveyor belts, etc. onsite. The addition of a very sensitive handheld fluorometer such as the FLASH reader ( Figure 1B ) provides portability to read the rapid (~ 30 minute) assays described herein and completes the technology package for rapid on-site tracking and epidemiology of foodborne pathogen outbreaks. Although, more research and advanced development is clearly needed, the data presented in this report suggest that aptamer-MB-based fluorescence assays may someday hopefully ameliorate or halt foodborne illness outbreaks. Finally, the same aptamer-MB fluorescence assay technology can be extended beyond food safety applications into the realm of detecting other infectious diseases including parasites [7] or arboviruses [42] and other clinical diagnostic biomarkers or analytes [43] [44] [45] to aid in diagnosing and tracking human diseases.
